Systems biology approaches, such as kinetic modelling, could provide valuable insights into how thioredoxins, glutaredoxins and peroxiredoxins (here collectively called redoxins), and the systems that reduce these molecules are regulated. However, it is not clear whether redoxins should be described as redox couples (with redox potentials) or as enzymes (with MichaelisMenten parameters) in such approaches. We show that in complete redoxin systems, redoxin substrate saturation and other purported enzymatic behaviours result from limitations in the redoxin redox cycles in these systems. Michaelis-Menten parameters are therefore inappropriate descriptors of redoxin activity; data from redoxin kinetic experiments should rather be interpreted in terms of the complete system of reactions under study. These findings were confirmed by fitting kinetic models of the thioredoxin and glutaredoxin systems to in vitro datasets. This systems approach clarifies the inconsistencies with the descriptions of redoxins and emphasizes the roles of redoxin systems in redox regulation.
INTRODUCTION
Thioredoxins, glutaredoxins and peroxiredoxins (which we collectively refer to as redoxins) are components of systems that are involved in a number of key redox reactions in vivo [1] [2] [3] [4] [5] [6] [7] . The thioredoxin system consists of thioredoxin and thioredoxin reductase, and the glutaredoxin system consists of glutaredoxin, glutathione and glutathione reductase ( Figure 1 ). In these systems, reducing equivalents are transferred from NADPH to oxidized substrates via one or more coupled redox cycles. The roles of these systems in redox regulation are now being considered in a systems biology context [8] .
A first step in any systems biology approach, such as kinetic modelling, is to define clearly the components under study. In the case of the redoxins, it is not immediately apparent whether they should be modelled as redox couples or as enzymes. Redox potentials and ratios of oxidized to reduced redoxin have been used to describe redoxins in vivo and in vitro [2, [9] [10] [11] , suggesting that redoxins should be modelled as redox couples. This approach has been adopted for modelling thioredoxins in a number of quantitative descriptions of the cellular redox environment [12] [13] [14] .
On the other hand, in assays involving complete redoxin systems (Figure 1 ), redoxins have been quantified with MichaelisMenten kinetic parameters [15] [16] [17] [18] , suggesting that they should be modelled as enzymes. Indeed, evidence has been presented that redoxins are Ping Pong enzymes (see for example [18] [19] [20] ). There are, however, a number of inconsistencies in the description of redoxins as enzymes. For example, in contrast with the catalytic cycles of conventional enzymes, thioredoxins become inactive (oxidized) after reacting with their substrates (Figure 1) . A separate enzyme-catalysed reaction is required to return thioredoxin to its active form. Other inconsistencies include a varying turnover number for the reduction of insulin by thioredoxin (compare with Table 1 in [15] ), glutaredoxin substrates that do not have 'true' K M values [20] , Michaelis-Menten parameters that underestimate the activity of yeast peroxiredoxins [21] and peroxiredoxins that do not show substrate saturation behaviour (see for example [22] ).
Thus, any systems biology analysis of these redoxin systems is complicated firstly by the description of the redoxins themselves, and secondly by the inconsistencies with the description of redoxins as enzymes. We tested the possibility that these two problems are actually the same problem, namely that the enzymatic behaviours attributed to redoxins are mediated by the coupling of reactions in these redoxin systems. By analysing the complete set of reactions in these redoxin systems, we are able to provide a rational explanation for the inconsistencies with descriptions of redoxins and their reactions, and provide a framework for further analyses of these systems.
EXPERIMENTAL Kinetic modelling
All kinetic modelling experiments were carried out using the open source PySCeS (Python Simulator for Cellular Systems) modelling software [23] (http://pysces.sourceforge.net). Two types of model were built: core models parameterized with arbitrary parameter sets that were used to investigate the generic kinetic behaviour of particular pathway structures, and detailed models parameterized with realistic parameter sets that were used to analyse the thioredoxin and glutaredoxin systems. Realistic parameter sets were obtained from primary literature sources, some of which were found using the BRENDA kinetic parameter database (http://www.brenda-enzymes.info). Kinetic models of the thioredoxin and glutaredoxin systems were fitted to in vitro datasets using non-linear least squares regression with the Levenberg-Marquardt algorithm, available through the SciPy library of scientific routines (http://www.scipy.org). All models have been made available on the JWS Online database [24] . In addition, all model parameters are available in the Supplementary In the thioredoxin insulin assay system (A), reduced thioredoxin [Trx(SH) 2 ] reduces oxidized insulin and is consequently oxidized [Trx(SS)]. Oxidized thioredoxin is in turn reduced by thioredoxin reductase (TR) with NADPH as a source of reducing equivalents [15, 19, 31] . In a glutaredoxin system (B), a glutathionylated peptide (PSSG) is reduced by Grx(SH) 2 , which is in turn reduced by glutathione (GSH). Oxidized glutathione (GSSG) is reduced by glutathione reductase (GR) with NADPH as a source of reducing equivalents.
Data provided with this paper, at http://www.BiochemJ.org/bj/ 417/bj4170269add.htm.
RESULTS

An analytical solution of a single-cycle redoxin system
The redox cycling of redoxins ( Figure 1 ) is a common motif found in all redoxin systems. A generic model of a single cycle redoxin system (Scheme 1) was analysed to determine what influence this cycling has on the kinetics of the redoxin oxidation-substrate reduction reaction in this system.
In this analysis, capitalized letters represent species names, whereas lower-case letters represent concentrations. The scheme consists of two reactions, (1) and (2), linked by redoxin molecules, M and M , representing the oxidized and reduced forms of a given redoxin (compare with thioredoxin, Figure 1 ). Reaction (1) represents the oxidation of A to B with the concomitant reduction of M to M , whilst reaction (2) represents the reduction of C to D with the concomitant oxidation of M to M. The M and M redoxin molecules constitute a moiety conserved couple [25, 26] with the constant sum of their concentrations described by m t .
To simplify the analysis, reactions (1) and (2) were assumed to obey reversible mass-action kinetics and were described by rates v 1 and v 2 with respective forward rate constants k 1 and k 2 , and reverse rate constants k −1 and k −2 . Reaction (1) would be catalysed by thioredoxin reductase in the thioredoxin system ( Figure 1 ). Therefore, k 1 actually represents an aggregate of a number of other parameters, including the thioredoxin reductase concentration in this system. Substrate reduction by thioredoxins and glutaredoxins (compare with reaction 2) proceeds via the formation of a mixed disulfide complex between the redoxin and its respective substrate (see for example [27, 28] ). For thioredoxin reactions, the formation of this complex may proceed via two kinetically distinct routes [29] . Once formed, the breakdown of these redoxin-substrate complexes is highly favourable and the complexes are not significantly populated under normal conditions (see for example [9, 16, 28] ). On the basis of this, the intermediate steps involving the mixed disulfide complex were not explicitly modelled, and were instead aggregated into a single mass-action kinetic expression for the entire reaction (reaction 2). The validity of this simplification was tested by fitting kinetic models of the thioredoxin and glutaredoxin systems to realistic data sets (see below).
In substrate saturation assays the concentration of the oxidized 'substrate' of the redoxin, in this case C (Scheme 1), would be increased and v 1 or v 2 monitored. Typically, the reaction would appear to saturate as the concentration of the redoxin substrate was increased (see for example [15] [16] [17] [18] ). Scheme 1 can be described with the following equations: 
Substituting eqns (4) and (6) into eqn (5) yields:
where is the mass-action ratio [ = bd/ (ac)] and
When reactions (1) and (2) are assumed to be irreversible, i.e. k −1 = k −2 = 0, eqn (7) simplifies to:
Eqn (8) has the same form as the Michaelis-Menten equation with an apparent V max described by k 1 am t , an apparent k cat described by k 1 a, and an apparent K m described by k 1 a/k 2 . The ratio k cat /K m is therefore equal to k 2 . Thus reaction (2), which has mass-action kinetics will, when coupled to reaction (1), saturate with increasing concentrations of reactant C. In assays involving these redoxin systems, it has been assumed that substrate saturation behaviour reflected the saturation of the redoxins themselves and Michaelis-Menten kinetic parameters have consequently been assigned to these redoxins (see for example [15] [16] [17] [18] ). This analytical solution demonstrates that this saturation behaviour is an inherent property of these systems.
Eqn (8) also shows that the apparent K m and V max values assigned to these redoxins are not true kinetic parameters, as both the apparent k cat and K m in eqn (8) depend on the concentration of A and on k 1 . Thus, for example, in substrate saturation studies involving the thioredoxin system, the apparent K m and k cat would vary with the NADPH concentration and with the concentration of the thioredoxin reductase used in these assays. This provides an explanation for inconsistencies with the Michaelis-Menten parameters that have been assigned to these redoxins.
Glutaredoxins and peroxiredoxins are components of systems that have at least two moiety conserved cycles [3, 6, 30] . The analytical rate equations for such systems are extremely complex and will not be considered here.
Thioredoxin insulin assay system
The Michaelis-Menten parameters for the reduction of insulin by thioredoxin were reported by Holmgren [15, 19, 31] . In keeping with the predictions from the analysis of eqn (8), the apparent k cat for the reduction of insulin by thioredoxin varied between 12-740 min −1 with changes in proportions of the constituents of the assay (compare with Table 1 in [15] ). This variation is inconsistent with an enzyme-catalysed reaction.
We therefore developed a kinetic model of the thioredoxin/ insulin assay system ( Figure 1A ) using mass-action kinetics for the reduction of insulin by thioredoxin. The thioredoxin reductase reaction was described by a two-substrate Michaelis-Menten rate expression. Both reactions were described with irreversible expressions, which was consistent with the experimental conditions of the assay [15] . The second-order rate constant for the reduction of insulin by thioredoxin was determined by fitting the model to a dataset in the Holmgren paper (compare with Figure 2B in [15] ). Figure 2B in [15] ). The kinetic model used mass-action kinetics for insulin reduction, and used a fitted second-order rate constant for insulin reduction by thioredoxin of 3.82 + − 0.29 μM −1 · min −1 (see text for details). Quality of fit was excellent (r 2 = 0.997).
It was reported that the reduction of insulin by thioredoxin had an apparent K m of 11 μM and a V max of approximately 4 μM · min −1 [15] . An apparent k cat /K m of 3.78 μM
was obtained from these data. Using non-linear least squares regression, we determined a second-order rate constant for the reduction of insulin of 3.82 + − 0.29 μM −1 · min −1 . As predicted by eqn (8) , this value was in agreement with the k cat /K m determined from the original data. The kinetic model was an excellent fit of the in vitro dataset (r 2 = 0.997, Figure 2 ). The model was parameterized with this fitted rate constant, and the initial oxidized insulin concentration was varied over the range of values reported in the original paper [15] . The resulting dataset was linearly transformed into a Lineweaver-Burk plot, and the apparent K m of thioredoxin with respect to insulin was determined as 12.12 μM. This value approximated to the apparent K m of 11 μM reported in the original paper [15] .
Substrate saturation in redoxin systems
Kinetic models of the thioredoxin system and a generic two-cycle redoxin system were then analysed to elucidate the mechanism behind substrate saturation in these systems. These models were parameterized with basic parameter sets ( Table 1 , parameters not shown for the two-cycle system) so that general kinetic behaviour in these systems could be investigated.
The generic two-cycle redoxin system model consisted of three reactions (Scheme 2):
In this model, N and N are the oxidized and reduced forms of a redoxin involved in the reduction of C (reaction 11). This reaction was assigned mass-action kinetics. Compared with the thioredoxin system, the reduction of N involves an additional redox reaction (reaction 10), which was also assigned massaction kinetics. The concentration sums for the N/N and M/M redox couples were n t and m t respectively. The reductase reaction (reaction 9) was modelled with irreversible Michaelis-Menten kinetics. In both models, increases in the redoxin oxidation reactions, owing to increased substrate concentrations, were accompanied by the conversion of the redoxin moieties into their oxidized forms ( Figures 3A and 3B) . These results showed that saturation occurred when increases in the redoxin substrate concentration could no longer lead to increases in the fluxes of the redoxin redox cycles in these systems. Thus the calculated V max values for the thioredoxin system were approximately equal to the maximal achievable rate of the thioredoxin reductase reactions in these simulations ( Table 1 , eqn 8).
Michaelis-Menten parameters are inadequate descriptors of redoxin reactions
Apparent Michaelis-Menten parameters were determined for the thioredoxin and generic two-cycle kinetic models described above (Table 1 , results not shown for the two-cycle system). Changes in values of some of the parameters in these models, such as the NADPH and reductase concentrations, resulted in changes to the apparent Michaelis-Menten parameters of these systems. These changes were consistent with the analytical solution of the system (eqn 8). For example, increases in the V max of the thioredoxin reductase resulted in increases in the apparent K m and k cat for insulin reduction (Table 1) . From eqn (8) , it would be expected that increases in the forward rate constant, k 1 , would also result in corresponding increases in the apparent K m and k cat for insulin reduction.
As predicted by eqn (8), some of the k cat /K m determinations from these simulations showed a good correlation with the second- order rate constants defined in the thioredoxin insulin assay model. However, even with these ideal datasets, some significant deviations were noted. For example, increases in k 2 resulted in significant differences between its value and the k cat /K m determination from the simulations. In addition, high concentrations of thioredoxin resulted in biphasic plots (results not shown) whose apparent k cat /K m also over-estimated the secondorder rate constant for insulin reduction.
Other kinetic behaviours of generic two-cycle redoxin systems
Apart from substrate saturation effects, assays of two-cycle redoxin systems have shown additional characteristics that appear consistent with enzymatic behaviour. For example, it has been reported that the rate of substrate reduction by these systems increases linearly with increases in redoxin concentration (see for example [16] ). We tested whether our generic two-cycle kinetic model could account for this kinetic behaviour.
When the concentration of the redoxin in this model (i.e. n t ) was increased, there was a corresponding linear increase in the rates through the system at relatively low concentrations of redoxin ( Figure 4A ). This effect mimics the increases in rate that occur when the concentration of an enzyme is increased in a reaction. However, at higher concentrations of redoxin, the increase was no longer linear as the redox cycles in the system began to saturate (results not shown). This effect, which is inconsistent with an enzyme-catalysed reaction, has been reported in the literature. For a number of glutaredoxins, the rate of insulin reduction increased linearly with low concentrations of glutaredoxin, but saturated at higher concentrations (compare with Figure 7 in [32] ).
It has also been reported that redoxins display Ping Pong kinetics with respect to their reducing and oxidizing 'substrates' in assays of these systems (see for example [18, 20] ). To determine whether the generic two-cycle model could display this behaviour, the concentrations of the redoxin 'substrates' (M and C) were both varied in the model, and the effect on the system flux was calculated. Linear transforms of these datasets showed apparent Ping Pong kinetics ( Figure 4B ), demonstrating that this behaviour is an inherent property of such systems. As m t was increased in these simulations, the resultant plots in Figure 4 (B) appeared to group together owing to the saturation of the reductase reaction with increasing concentrations of M (results not shown).
Kinetic model of peptide deglutathionylation by Grx1 (glutaredoxin 1)
To illustrate the validity of a systems approach in describing realistic two-cycle redoxin systems, an in vitro dataset was fitted to a kinetic model of the deglutathionylation of a peptide substrate, PSSG [SQLWC(glutathione)LSN], by Grx1 ( Figure 1 , Scheme 3). In the original experiments of Peltoniemi et al. [16] , the apparent Michaelis-Menten kinetic parameters for the reduction of this peptide by Grx1 were determined with substrate saturation experiments (compare with Figure 3B in [16] ). In addition, the effects of increasing concentrations of Grx1 and GSH on rates were also reported [16] .
Glutaredoxins can reduce substrates via monothiol and/or dithiol mechanisms [33, 34] . Peltoniemi et al. [16] reported that Grx(SS) (oxidized Grx) was the only reaction intermediate that could be obtained in quenched and stopped-flow experiments involving Grx1 and PSSG, and it was reported that the rate of PSSG reduction by Grx1 showed a sigmoidal dependence on the GSH concentration. These results are consistent with a dithiol mechanism, and the model was accordingly described this way. The kinetic model of this system consisted of three reactions: the reduction of GSSG by glutathione reductase (reaction 12), the reduction of Grx(SS) by GSH (reaction 13) and the deglutathionylation of PSSG by Grx1 (reaction 14).
Reaction (12) is essentially irreversible [35] and was modelled with the irreversible form of a generic two-substrate rate expression [36] . In keeping with the approach advocated in this paper, reactions (13) (14) were modelled with mass-action kinetics. The equilibrium constant for reaction (13) was determined from the redox potentials of the glutaredoxin and glutathione redox couples as 1.37 × 10 −6 μM −1 [9] . However, the equilibrium constant for reaction (14) was not known, and this reaction was therefore modelled with irreversible kinetics.
The rate constants for the glutaredoxin reduction and oxidation reactions were determined by fitting the kinetic model to an experimental dataset ( Figure 3B in [16] ) as described in the Experimental section. The kinetic model showed an excellent fit to this dataset (r 2 = 0.990, Figure 5A ). The rate constant for the reduction of Grx1 by glutathione was determined as 4.78 + − 0.34 × 10 −6 μM −2 · s −1 , whereas the rate constant for the reduction of the glutathionylated peptide by Grx1 was determined as 0.64 + − Figure 3B in [16] ). Goodness of fit was assessed by an r 2 value of 0.990. The rate constant for the reduction of Grx1 by glutathione was determined to be 4.78 + − 0.34 × 10 −6 μM −2 · s −1 , and the rate constant for the reduction of PSSG by Grx1 was determined to be 0.64 + − 0.05 μM −1 · s −1 . To validate these constants, kinetic models incorporating these rate constants were then compared with two independent in vitro datasets that had not been used in the fitting procedure. In (B), the effect of changing the concentration of Grx1 on rate was compared between the kinetic model (continuous line) and an in vitro dataset (᭹, compare with Figure 3A in [16] ). In (C), the effect of changing the glutathione concentration on rate was compared between the kinetic model (continuous line) and an in vitro dataset (᭹, compare with Figure 3C in [16] [16] . To confirm whether the values obtained for the above rate constants were accurate, a kinetic model with these fitted parameters was then simulated to determine how well it corresponded to two independent datasets (compare with Figures 3A and 3C in [16] ) that had not been used in the fitting procedure. The model results were in excellent agreement with an in vitro dataset that described the effect of increases in glutaredoxin concentration on the system rate ( Figure 5B) . The model also showed a good correlation with a dataset that described the effect of changes in glutathione concentration on rate ( Figure 5C ). In keeping with the GSH stoichiometry in reaction (13), the rate of NADPH oxidation in the kinetic model showed a sigmoidal dependence on the GSH concentration in the system. The differences between the kinetic model and this experimental dataset were probably due to two reasons. Firstly, the kinetics of Grx1 reduction by GSH may require a more complex rate expression than the simple massaction kinetic expression used here (reaction 13). The reduction of Grx1 by GSH proceeds via a Grx1-GSH mixed disulfide complex which is present at significant concentrations at equilibrium [9] . However, the concentration of this complex varies depending on the quenching procedure used in these experiments [9] , which complicates the modelling of this reaction. Secondly, reaction (14) could only be modelled with irreversible kinetics. Thus, the effect of high GSH concentrations on the rate through this reaction would not be accounted for in this kinetic model.
DISCUSSION
Systems approaches are now being explored so that an integrated view of redoxins in redox regulation and oxidative stress can be developed (see for example [14] ). However, it is not clear whether redoxins should be modelled as redox couples or as enzymes in such approaches. For example, thioredoxins and glutaredoxins been described as Ping Pong enzymes [19, 20] . It is difficult to reconcile this view, firstly, with the reaction schemes of thioredoxins (compare with Figure 1 ), and secondly, with studies that have found that the oxidized ('inactive') forms of these redoxins are present at significant concentrations in vivo [2, 11, 14, 37] . Complicating this situation even further are a number of inconsistencies with the description of redoxin activity with MichaelisMenten kinetic parameters (see the Introduction).
The roles played by the coupling of reactions in these redoxin systems in the purported enzymatic behaviour, and steady-state concentrations of these redoxins, have largely been neglected in the biochemical literature. We hypothesized that the apparently disparate descriptions of the redoxins could be reconciled by taking into account the kinetics of these redoxin systems as a whole.
As a first step, we considered the kinetics of a redoxin redox cycle, which is a basic motif in these systems. An analytical solution of this system (eqn 8) confirmed that the saturation of redoxin oxidation reactions is an inherent property of these cycles. This solution, together with the kinetic modelling results ( Figures 3A and 3B ), showed that substrate saturation of redoxin reactions is caused by limitations in the redoxin reduction relative to the redoxin oxidation reactions in these systems. In addition, a two-cycle kinetic model that used mass-action kinetics for redoxin oxidation and reduction displayed apparent Ping Pong kinetics ( Figure 4B ). Taken together, these results demonstrate that in vitro data from redoxin kinetic experiments should be interpreted in terms of the complete system of reactions under study. Similarly, data on the ratios of oxidized to reduced redoxin in vivo (see for example [2, 11, 14, 37] ) reflect the relative rates of redoxin oxidation to redoxin reduction in these systems ( Table 1) .
The analytical solution (eqn 8) and kinetic modelling results (Table 1) have also shown that the Michaelis-Menten kinetic parameters assigned to redoxins are sensitive to the concentrations of the other components in these redoxin systems. These results provide an explanation for the reported variation in the apparent k cat for insulin reduction by thioredoxin (compare with Table 1 in [15] ), and for other inconsistencies that arise from the use of Michaelis-Menten parameters for quantifying redoxin activity. We therefore conclude that Michaelis-Menten kinetic parameters are inappropriate descriptors of redoxin activity.
Although Michaelis-Menten parameters are not valid descriptors of redoxin activity, analysis of eqn (8) showed that the second-order rate constants for redoxin oxidation reactions could be estimated from the k cat /K m ratios reported for these redoxin systems. Indeed, the second-order rate constants determined from the fitting of our kinetic models to experimental datasets (Figures 2 and 5A) were in agreement with the k cat /K m ratios reported in the original papers [15, 16] . However, other modelling results have indicated that, depending on the system, these k cat /K m estimates may vary significantly from the true second-order rate constants for these reactions (Table 1) . Ogusucu et al. [21] directly determined second-order rate constants for a number of yeast peroxiredoxins. These rate constants were significantly higher than the k cat /K m estimations from a previous study [38] . An initial kinetic modelling analysis of this peroxiredoxin system has established this effect (C.S.P., unpublished work).
To confirm the analytical solution and the generic modelling results described above, in vitro datasets were fitted to realistic kinetic models of the thioredoxin and glutaredoxin systems (Figures 2 and 5A ). Both models showed excellent fits to their respective experimental datasets (r 2 0.99), suggesting that the models were consistent with the in vitro data. Moreover, when the fitted rate constants from the glutaredoxin system were used to parameterize a glutaredoxin kinetic model, the modelling results correlated well with two independent in vitro datasets that had not been used in the fitting procedure ( Figures 5B  and 5C ). Collectively, these results provided convincing evidence that mass-action kinetics were sufficient to describe the redoxin oxidation reactions in these systems, and that consistent parameter sets could be obtained by fitting kinetic data to the complete redoxin system under study.
In systems biology, the construction of kinetic models is becoming increasingly important in order to understand and quantify how complex systems such as pathways within the living cell are regulated. The approach advocated by our group and others is to integrate kinetic data on the individual parts of the system (typically obtained from in vitro experiments on the isolated components) into such models, and then to see if these models can reproduce the in vivo behaviour of the intact system. This has been termed the 'silicon cell approach' [39] . In this context, it is crucial that existing in vitro data be correctly interpreted, and our work shows that mass-action rather than Michaelis-Menten kinetics are appropriate descriptors of redoxin activity.
The work presented here has reconciled the apparently disparate descriptions of the redoxins into a consistent quantitative framework. The enzymatic properties and the non-enzymatic reaction scheme for thioredoxin reduction/oxidation, the in vivo redox ratios of redoxins, and the reported inconsistencies that have arisen from the use of Michaelis-Menten parameters for quantifying redoxin activity can all be rationally explained in terms of this framework, which differs significantly from current models of redoxin systems. For example, in some models, the thioredoxin system has been equated to an electrical circuit with thioredoxin being a 'central node' or 'rheostat' that distributes reducing equivalents from thioredoxin reductase and NADPH to a number of independent processes [8, 14, 40] . In the framework proposed here, the thioredoxin redox cycle is central to redox regulation and signalling. This cycle would not only impose fixed limits on the fluxes through thioredoxin-dependent processes (Figure 3 ), but would also couple these processes to each other by virtue of their effects on the redox cycle. Just as the theoretical framework for ultrasensitivity in signal transduction pathways [41, 42] led to the subsequent large-scale experimental analysis of this phenomenon (see for example [43] ), it is hoped that the redoxin framework presented here will encourage the adoption of systems biology approaches in the study of redoxins and their systems. 
SUPPLEMENTARY DATA
The supplementary data provided here detail the values for parameters and variables used for the generic two-cycle model, and in the fitting of in vitro experimental datasets to the thioredoxin ( Figure 2 ) and glutaredoxin ( Figure 5A ) models in the paper. The catalytic mechanism of thioredoxin reductase has been reported to proceed via a ternary complex mechanism [1, 12] , and glutathione reductase has been reported to proceed via a Ping Pong mechanism [3] . These mechanistic expressions were used in fitting experiments together with the MichaelisMenten and generic [4] kinetic mechanisms respectively. In all cases, the reductase enzymes were modelled with irreversible kinetic expressions, as some of the parameters for their reversible expressions were not known. Details of the model of the thioredoxin/insulin assay from Figure 2 are summarized in Supplementary Table S1 ; the modelling results are given in Supplementary Table S2 . The generic two-cycle model from Figure 3 (B) is modelled in Supplementary Table S3 . The parameters of the model of the deglutathionylation of a peptide substrate by Grx1 from Figure 5 (A) are given in Supplementary  Table S4 ; the modelling results are presented in Supplementary Table S5 . Table S3 The apparent Michaelis-Menten parameters of a two-cycle redoxin system are sensitive to changes in the other parameters of the system
Basic kinetic parameters of a two-cycle redoxin system were varied and the effect on the apparent Michaelis-Menten parameters for the reduction of C (Scheme 2) was determined. The parameters varied were: the limiting rate for a NADPH reductase (V XR ) in the system; m t , the total concentration of the M/M redox couple; and n t , the total concentration of the N/N couple (Scheme 2). * Goodness of fit to the Lineweaver-Burk plot. To whom correspondence should be addressed (email jr@sun.ac.za). 
